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1 5 Field of the Invention 

The present disclosure relates to apparatus and methods for assessing component 
health to permit product reconfiguration as needed, such as, for example, for assessing 
actuator health, diagnostics, prognosis, failures, and the like for reconfiguring a flight control 
system of an aircraft. 

20 

Background of the Invention 

Reliability adds value to almost all types of products. In fact, in many fields, the 
reliability of the various systems and sub-systems of a product may be crucial to customer 
satisfaction, and thus, to the success of the product on the market. In the field of aerospace 
25 products, for example, reliability may a leading factor in the capability, performance, and 
support costs of the product, all of which may greatly impact the product's marketability. 
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For example, aircraft, like most complex machines, are repairable systems whose 
components tend to degrade with use. Skilled pilots learn to compensate for degraded 
capability, nursing aircraft to achieve flight goals and successfully return to base, by taking 
full advantage of rich sensor data, human senses, intuition and experience. Increasing levels 
5 of automation, particularly for unmanned vehicles, result in limited operator visibility into 
the state of the system. This limited visibility complicates and may even exclude 
compensation for failure or degradation under such conditions or in harsh operating 
environments. Thus, although desirable results have been achieved in the reliability of 
aerospace products, improved abilities to assess and monitor system and sub-system status 
1 0 information may further improve a product's reliability. 



Summary of the Invention 

The present invention is directed to apparatus and methods for assessing component 
health to permit product reconfiguration as needed, such as, for example, for assessing 

15 actuator health, diagnostics, prognosis, failures, and the like for reconfiguring a flight control 
system of an aircraft. Apparatus and methods in accordance with the present invention may 
advantageously improve a product's capability, performance, and reduce support costs, 
thereby improving the product's marketability to customers. 

In one embodiment, a method of operating a product includes monitoring a first 

20 diagnostic information of a component of the product, and monitoring a second diagnostic 
information of a system that includes the component. The first and second diagnostic 
informations are then combined, and based at least partially on the combined first and second 
diagnostic information at least one of the component and the system are reconfigured. 



25 Brief Description of the Drawings 

The preferred and alternative embodiments of the present invention are described in 
detail below with reference to the following drawings: 

FIGURE 1 is a schematic view of a method in accordance with an embodiment of the 
present invention; 
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FIGURE 2 is an embodiment of a health algorithm and a reconfiguration control 
process of the method of FIGURE 1 in accordance with another embodiment of the 
invention; 

FIGURE 3 is a representative list of monitored operating parameters of the method of 
5 FIGURE 2 in accordance with another embodiment of the invention; 

FIGURE 4 is a flow diagram of a component analysis method in accordance with a 
further embodiment of the invention; and 

FIGURE 5 is a series of graphs of a health measurement function and a health power 
spectrum for varying degrees of actuator health in accordance with a further embodiment of 
10 the invention. 



Detailed Description of the Invention 

The present invention relates to apparatus and methods for assessing component 
health to permit product reconfiguration as needed. Many specific details of certain 
15 embodiments of the invention are set forth in the following description and in FIGURES 1-5 
to provide a thorough understanding of such embodiments. One skilled in the art, however, 
will understand that the present invention may have additional embodiments, or that the 
present invention may be practiced without several of the details described in the following 
description. 

20 Generally, apparatus and methods in accordance with the invention may provide the 

capability to improve mission success rate of a product by integrating Integrated Vehicle 
Health Management (IVHM) and reconfigurable control. This combination of capabilities 
may advantageously provide improved reliability and capability while reducing support 
costs. In particular embodiments, for example, embodiments of the present invention may 

25 advantageously provide weapon system capability that can continue a mission even with 
enemy battle damage or control system failures by smartly utilizing the remaining 
undamaged control system components, as well as the capabilities of damaged or degraded 
systems. 
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FIGURE 1 is a schematic view of a method 100 in accordance with an embodiment 
of the present invention. In this embodiment, the method 100 estimates the health and 
capability of a component of a product at a block 102. In one particular embodiment, for 
example, the product may be an aircraft 104, and the component may be an actuator 106 in a 
5 flight control system of the aircraft 104. At a block 108, the method 100 monitors system 
level diagnostic information. At a block 110, the system and component level monitoring 
and diagnostic information are combined. This combination or fusion improves the accuracy 
and enables a degree of confirmation in the detection, isolation and estimation of fault degree 
by exploiting all the evidence from different sources. For example, at the system level 

10 failure of the link from actuator to control surface will be detected as lack of control authority 
from that surface. Such a failure may not be detectable at the component level especially if 
actuator loading is not modeled. If load is modeled, the component level processing can be 
used to confirm the system level indication. Based on the combined system and component 
level information, a component control system or a sub-system that includes the component 

1 5 {e.g. flight control system), may be reconfigured at a block 1 12. 

In one embodiment, for example, a flight control system may be reconfigured to take 
into account a degradation of an actuator 106 {e.g. due to battle damage). The 
reconfiguration at block 112 may, in turn, be fed back into the health status fusion at the 
block 110. As further shown in FIGURE 1, the system and component health information 

20 from block 110 may be input into a maintenance support block 114 to enable post-flight 
analysis and interpretation, and to assist in assessing the prognosis of the component and 
system. At a block 1 16, the reconfigured component control system may be operated in the 
reconfigured mode to continue overall performance of the product, such as allowing the 
aircraft 104 to continue flying and to return safely to base. 

25 In one embodiment, the method 100 may expand current Built-in Test (BIT) 

capability in order to detect levels of degradation that can be used to reduce false alarms in 
the current BIT systems. These same degradations may be trended to provide a prognostic 
capability. In yet another embodiment, an Integrated Vehicle Health Management (IVHM) 
system with reconfigurable control may be integrated into the block 112, allowing the 

30 method 100 to perform structured tests of components and sub-systems including such 
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components during flight, when actual flight loads and temperature environments are present. 
This may provide considerable advantages over alternate systems that perform tests under 
relatively benign conditions when no loads are present and where faults may not be correctly 
diagnosed or isolated. In a preferred embodiment, the control actions to support selected 
5 tests will not affect the flight response of the aircraft, so no compromise occurs to mission 
capability, and the pilot can continue operating the aircraft or performing a mission while the 
tests are in progress. 

FIGURE 2 is an embodiment of a health algorithm and a reconfiguration control 
process 200 of the method 100 of FIGURE 1 in accordance with another embodiment of the 

10 invention. In this embodiment, the actuator 106 (or other product component) is initially 
operating at a given set of operating conditions 202. Next, an actuator command 204 is input 
to the actuator 106, and a variety of operating parameters 210 of the actuator 106 are 
monitored. FIGURE 3 is a representative list of monitored operating (or sensor) parameters 
210 that are monitored during the method 200. As further shown in FIGURE 2, the 

15 monitored operating parameters 210 of the actuator 106 are then output to an analysis 
algorithm 220. The analysis algorithm 220 may includes storing the monitored operating 
parameters 210 into one or more databases (or spreadsheets) and then performing analytical 
evaluations thereon, as described more fully below. 

FIGURE 4 is a flow diagram of a component analysis method 400 in accordance with 

20 a further embodiment of the invention. As shown in FIGURE 4, the monitored operating 
parameters 210 may be input into the component analysis method 400 in a variety of ways, 
including via real-time input 402, text file 404, matrix data file 406, and spreadsheet (or other 
database) 408, or via combinations thereof The monitored operating parameters 210 are 
provided to a principal component analysis (PC A) algorithm 410. An input vector X 

25 containing the input data from the N available sensors of monitored operating parameters 210 
is formed. As shown in FIGURE 4, the first value Xi of the input vector X may represent, 
for example, the Channel I ServoAmp Current, and the second value X2 of the input vector X 
may represent, for example, the Channel II ServoAmp Current, and so on. Next, a linear 
combined vector set Y is formed for a particular time i in accordance with the following 

30 Equation (1): 
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Y t = e] X = e u X x + e 2i X 2 + ... + e w JT N 



where e represents the eigenvectors of the covariance matrix. After formulating the 
5 monitored operating parameters 210 into the linear combined vector set Y, analysis and 
evaluation are preformed at a block 412, as described more fully below. 

FIGURE 5 is a series of graphs 500 of a health measurement function 510 and a 
health power spectrum 520 for varying degrees of actuator health in accordance with a 
further embodiment of the invention. If A, through^ are defined to be the eigenvalues of the 
10 covariance (l), the health measure function 510 may be derived from the power spectrum 
breakpoints according to the following Equations (2): 

hmf(X) = scale (X mw )exp(BP(X)) (2) 

15 where BP is the power spectrum break points, and scale is the scale factor which is a 

function of the max eigenvalue value. 

Similarly, another measure of health, the health power spectrum 520, is given by the 
following Equation (3): 



-jwk 



k=-oo 



20 



(3) 



where w is normalized frequency, i?/ c / is autocorrelation sequence, k is the summation 
index, and e' Jwk is the complex exponentials used in the Discrete Fourier Transform. 

Thus, as shown by Equation (3), the health power spectrum 520 is developed from the 
25 Fast-Fourier Transform (FFT) of the autocorrelation. It is derived from a linear combination 
of sensor values and influenced by the PCA reduction. These two estimators, the health 
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measure function 510 and the health power spectrum 520, may then be combined to generate 
the health assessment parameter that is the output of the IVHM system. 

Referring to FIGURE 5, the left column of graphs show the normalized health 
measure function 510 changing as actuator health degrades from healthy (51 OA), degraded 
5 (51 OB), and failed (5 10C). The right column of graphs shows the normalized health power 
spectrum 520 for the actuator, again healthy (520A), degraded (520B), and failed (520C) 
going from top to bottom. The health power spectrum 520 shows a more subtle difference, 
but filtering and isolating to the frequencies of interest could make this more discernable to 
the eye. The two independent measures may be used independently, or alternately, in 

10 conjunction to amplify the algorithm's ability to discriminate healthy actuator behavior from 
degraded or failed behavior. The power spectrum identifies the break points for the health 
discrimination, which are then combined with scaling parameter generated from the 
eigenvalues to form a health assessment indicator. 

Embodiments of methods and apparatus in accordance with the present invention may 

15 advantageously improve the capability of products by improving reliability. More 
specifically, the capabilities of aerospace products to complete designated missions may be 
improved, and support costs may be reduced. Embodiments in accordance with the present 
invention may improve the ability to diagnose and predict component failures, and may 
provide improved support for the coordination of tests with the control system. 

20 While preferred and alternate embodiments of the invention has been illustrated and 

described, as noted above, many changes can be made without departing from the spirit and 
scope of the invention. Accordingly, the scope of the invention is not limited by the 
disclosure of the preferred embodiment. Instead, the invention should be determined entirely 
by reference to the claims that follow. 
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